Purpose of Review Botanicals have long played a crucial role in the management of chronic and infected wounds, yet the mechanistic basis of these therapies remains largely poorly understood by modern science. Recent Findings Studies have begun to unveil the mechanistic bases of botanical therapies for wound healing, but more work is necessary. Most notably, investigation into the growing conditions, post-harvest treatment, and pharmacological preparation of these botanicals has demonstrated their importance in terms of the chemical makeup and pharmacological activity of the final product used in pre-clinical and clinical studies. Summary This work evaluates the potential safety, efficacy, and mechanistic basis of some key botanical ingredients used in traditional medicine for wound care: aloe, marigold, and St. John's Wort. Furthermore, perspectives on the future role that botanical natural products may play in anti-infective and wound care, innovations are explored.
Introduction
Wound healing is a multiphased process, involving the steps of hemostasis, inflammation, proliferation, and remodeling. The wound healing process can be further complicated by factors such as poor circulation to the wound bed and microbial infection. Botanicals offer a number of therapeutic opportunities to promote the wound healing process and some exhibit anti-microbial, anti-inflammatory, angiogenic, anti-oxidant, or cell proliferation promoting activities. Phytomedicines derived from botanicals have a long history of use in the management of cutaneous disease and for the promotion of wound healing [1] . Indeed, phytotherapy is a form of medicine that has been practiced by humans for millennia. There are an estimated 390,900 species of plants on Earth, and of these, at least 28,187 species (7%) have been documented as having a medicinal use in one or more systems of traditional medicine [2] . Of these practices, the topical application of botanicals for the treatment of wounds and other dermatologic conditions is common and can be found in Traditional Chinese Medicine, Ayurveda, Unani, Shamanic healing, European herbalism, and more systems of medicine. The pharmacological effects of botanicals derive from the biological activities of their secondary metabolites. These are natural products produced by plants for the purposes of communication with other organisms in their environment, and more specifically in the recruitment of pollinators and seed dispersers and defense against pathogens and other threats to their survival. Over time, humans have learned which species are most medicinally useful for specific diseases and have incorporated this information into various systems of medicine. While there is no accurate number published concerning the number of species specifically used to promote wound healing in different medical traditions, there are a few species that predominate in the current literature on this topic: aloe, marigold, and St. John's Wort.
The scope of this article is to review the literature on the main botanicals documented for use in wound healing. The objective of this work is to provide dermatologists, general practitioners, and scientists in the wound care field with a framework for evaluating botanical ingredients used in complementary and alternative medicine (CAM) and in general wound care strategies. Plant species were selected based on This article is part of the Topical Collection on Wound Care and Healing prevalence in the literature for wound healing-related reports, and only single ingredient (single plant-no mixtures) studies were included. Botanical names reported in the literature were checked for current validation on The Plant List [3] , and any synonyms replaced with current accepted names. Botanical nomenclature at the family level follows current Angiosperm Phylogeny Group IV assignments [4] . Reports of bioactivity for each selected plant species as evidenced by chemical and pharmacological analyses, in vitro research, vertebrate animal studies, and human clinical trials for topical therapy are summarized by species below.
Aloe vera: Aloe vera (L.) Burm.f., Xanthorrhoeaceae
Botanical Description
Aloe vera is native to North Africa and the Mediterranean, but is now found cultivated across the globe. It is a succulent and member of the Xanthorrhoeaceae family, and has a short stem with leaves that cluster together in groups of up to 20 leaves that are 20-60 cm long, 6-7 cm wide at the base, and 1-2.5 cm thick with spiny edges (Fig. 1a) [5] . Formerly, it was categorized under the Liliaceae family. It has many common names, with the most common being "Aloe" in Englishspeaking countries, "Sabila" in Latin America, and "Ghikumar" in India. The current accepted botanical name is Aloe vera (L.) Burm.f., but there are many synonyms in the literature that may cause some confusion; this includes: A. barbadensis, A. chinensis, A. elongata, A. flava, A. indica, A. lanzae, A. maculata, A. perfoliata, A. rubescens, A. variegate, A. vulgaris [3] . All of these refer to the same species: A. vera.
Traditional Uses
Aloe has a long history of use as a topical therapeutic for the treatment of burns, wounds, and a variety of other skin conditions. In traditional preparations, the leaf gel is either applied fresh directly to the affected area, or extracted in hot water and topically applied [6] . One of the earliest records of A. vera use as a medicine can be found in Pedanius Dioscorides' De Materia Medica. Dioscorides (40-90 AD) was a Greek physician, botanist, and pharmacologist-widely recognized as an authority on herbal therapies of this period [5] .
Chemistry and Pharmacology
A. vera gel is composed of approximately 98.5-99.5% water, with more than 200 different components identified in the remaining solids, and polysaccharides making up the majority of that [7] . This includes acemannan-a D-isomer mucopolysaccharide found in the leaf gel which exhibits immunomodulatory effects, acting on both macrophages and T cells [8] . Regarding small molecules, aloe is also rich in anthraquinones-a class of phenolic anthraquinone natural products with anti-microbial properties; two examples include emodin and aloin A (Fig. 2a) [9] . The composition and structural features of the acetylated mannose-rich polysaccharides and small molecules found in aloe gel can be altered by various environmental factors, including climate and soil, as well as post-harvest treatments and processing, potentially leading to significant variability in different final products [10••] .
Biological Activity: In Vitro and In Vivo Studies
An in vitro study with normal primary human skin fibroblasts and keratinocytes demonstrated that solutions of A. vera (1-3%) exhibited significant stimulatory effects on cell proliferation and fibroblast and keratinocyte migration, as well as protection against preservative-induced keratinocyte death [11] . The evidence for the burn wound healing activity of aloe is conflicting; some have shown a reduction in healing times for burns, while others have been inconclusive or have shown limited effects [12] . In a study with juvenile pigs, topical application of aloe was no more efficacious than control concerning reepithelialization or scar histology. The subdermal temperature of the wound was decreased, however, which may explain the cooling and soothing properties attributed to aloe [13] . A study comparing the efficacy of Nigella sativa oil to that of Aloe vera gel in wound healing in a diabetic foot model found that the aloe treatment resulted both in improved resolution of the wound area and improved reepithelialization as compared to the N. sativa oil and control [14• ]. An aqueous extract of aloe was assessed for topical treatment of wounded skin surfaces in mice over 7 days and compared to control (0.9% NaCl solution). While the histopathological assessment found improvements in epithelization at the 50 mg/kg dose as compared to control, some mutagenic and cytotoxic effects were also observed at this dose in peripheral blood [15] . Another study evaluated a porous wound dressing containing aloe extract versus the dressing with aloe and the salinomycin. Both dressings were found to permit cell growth and attenuated TGFβ-induced scar-forming myofibroblast formation in vitro [16•] . A study on A. vera extract on oral wounds in rats found no significant difference, however, between test and control groups in the repair of mouth ulcers [17] .
Clinical Studies
Similar to the contradictions seen in preclinical studies, there is conflicting evidence concerning the efficacy of topical A. vera therapy. For example, a Cochrane review on topical aloe gels for the healing of acute wounds (including lacerations, surgical incisions, and burns) and chronic wounds (e.g., infected wounds, arterial, and venous ulcers) examined seven trials encompassing a total of 347 participants and concluded that there was a high risk in bias due to study design, making it difficult to assess the value of topical aloe agents or dressings for acute and chronic wounds [18] .
Importantly, the percent aloe in the topical formulation is generally recognized as being key to outcomes, with 100% aloe being considered most effective and anything less than 50% showing little or no effect in some studies [19] . The application of aloe for the care of outpatient burn wounds was noted to be effective in treating the pain associated with superficial burns [20] . Aside from burns, aloe has demonstrated some efficacy in clinical trials in other types of wounds. For example, a recent double-blind, randomized, controlled trial on patients with split-thickness skin graft harvests from the thigh demonstrated that treatment with topical A. vera gel accelerated donor-site healing, but did not significantly impact pain relief [21] .
Contraindications
Aloe is generally considered safe for topical use [12] . 
Discussion
The current research concerning the wound healing properties of topically applied A. vera formulations is conflicting and inconclusive both in the preclinical and clinical literature. One major variable in the study of A. vera has been the means by which the therapeutic is extracted and prepared. While the percent of aloe gel in the final formula is generally recognized as being important, rigor in the chemical characterization and batch-to-batch standardization of the aloe products created or purchased for the majority of aloe studies appears to be lacking.
Marigold: Calendula officinalis L., Asteraceae
Botanical Description
Marigold is native to Europe and parts of Asia, but is now broadly cultivated in home gardens. Its English common name is "Pot Marigold," but it is also known as "Mejorana" in Spanish, "Souci des Champs" in French, and "Ringelblume" in German, among others [22] . It is a herbaceous perennial species that grows up to 80 cm tall and has yellow inflorescences and oblong-lanceolate leaves with entire margins, sometimes waved or toothed (Fig. 1b) . Calendula officinalis L. is the current accepted scientific name and it is classified as a member of the Asteraceae (Compositae) family. It is also known by a number of synonyms: C. aurantiaca, C. eriocarpa, C. hydruntina, C. prolifera, C. x santamariae, C. sinuata, and Caltha officinalis [3] .
Traditional Uses
The inflorescence is edible and is sometimes added as a colorful garnish to salads. It has been cultivated since at least the twelfth century for medicinal use as an anti-septic, anti-inflammatory, cicatrizing agent, and anti-bacterial agent [23] . Ethnomedical reports demonstrate its utility in various cultures. Inflorescences are used to make ointments for wounds, ulcers, and other skin eruptions in India [23] . Similarly, they are used in preparations for the treatment of inflammatory skin conditions and wounds in Italy [24] , Portugal [25] , and the Balkans [26•] (Albania [27] , Kosovo [28] , and Serbia [29] ), among other places. In Canada, oil of the inflorescence is used to treat wounds in livestock [30] .
Chemistry and Pharmacology
The inflorescences of C. officinalis are rich in terpenoids, coumarins, and flavonoids [31] . The following terpenoids have been identified in the inflorescences and are responsible for calendula's anti-inflammatory and anti-edematous activity: sitosterols, stigmasterols, diol diesters, taraxasterol monoesters, erythrodiol, brien, ursadiol, faradiol esters, arnidiol esters, calenduladiol esters, oleanolic acid saponins, calendulosides, calendulaglycosides, glucuronides, calenduladiol, faradiol, lupeol, and cornulacic acid. The [31] . Examples of a select few of these bioactive compounds are presented in Fig. 2b .
Biological Activity: In Vitro and In Vivo Studies C. officinalis has been credited with a number of biological activities of relevance to wound healing, including anti-microbial, anti-viral, anti-inflammatory, anti-edematous, immunomodulatory, spasmolytic, spasmogenic, anti-diabetic, anti-hyperlipidemic, anti-tumor, anti-oxidant, and hepatoprotective effects; the specific mechanisms of action and responsible constituents for these activities remain unidentified in most cases. The anti-edematous activity of the inflorescences has been credited to the triterpendiol esters content; this is based on murine studies of ear edema with croton oil as the irritant [32] . A study on the anti-inflammatory properties of the inflorescence found that a combination of carotenoids, flavonoids, and triterpenoids were capable of mediating acute and chronic inflammation in a murine model via cytokine and macrophage inhibition, as well as free-radical scavenging effects of the anti-oxidants in the mixture [33] . Investigation of the wound healing properties with a gel formulation of inflorescence extract was examined in rats receiving a 2 × 2-cm skin incision; collagen production was significantly increased in the 7% calendula gel treatment group [34] . The anti-microbial effects of inflorescence extracts have been examined in a panel of pathogenic fungi and bacteria, with some broad antimicrobial activity observed [35] . Investigation of the wound healing effects of C. officinalis inflorescence extracts with in vitro studies on immortalized human keratinocytes (HaCaT cells) determined that the inflammatory phase is influenced by activation of the transcription factor NF-kB activation coupled with increased levels of the chemokine IL-8. They also noted a significant but moderate decrease in collagenase activity compared to control [36••] .
Clinical Studies
A hydroglycolic extract of C. officinalis was examined in a prospective, descriptive study for twice-daily topical applications in the treatment of diabetic foot ulcers. At 30 weeks of treatment, 78% of patients achieved complete wound closure and no adverse events were observed [37••] . A randomized study examining the therapeutic efficacy of topical applications of aloe cream versus calendula ointment on sixty-six infants with diaper dermatitis found that while both treatment groups resulted in reduced severity of disease, the calendula group had significantly fewer rash sites than the aloe group. Neither group had adverse effects reported [38] . A systematic review of twenty-eight trials examining management strategies for acute skin reactions following cancer radiation therapy concluded that calendula ointment might be effective for skin damage prevention [39] . The European Medicines Agency (EMA) has approved the aqueous alcoholic and lipophilic extracts of C. officinalis as traditional medical products for healing of minor wounds and treatment of minor skin inflammations [40] .
Contraindications
C. officinalis is generally recognized as safe for consumption or topical application. However, as it is a member of the daisy family (Asteraceae; Compositae), individuals with known allergies to other members of this family should avoid using this herb. In particular, it contains sesquiterpene lactones that may trigger acute allergic reactions or delayed hypersensitivity [41] .
St. John's Wort: Hypericum perforatum L., Hypericaceae
Botanical Description
The common name of "St. John's Wort" derives from the date of ritual harvest in Europe-23rd of June, the eve of the festival that celebrates John the Baptist. It is characterized by its distinctive yellow flowers with oblong petals that feature brown-black glandular dots, rounds leaves, and a height of almost 1 m when mature (Fig. 1c) . It is native to Europe and Asia, but has spread as an invasive species in Oceania and North America. Hypericum perforatum L. is the current accepted scientific name and it is classified as a member of the Hypericaceae family (formerly in the Clusiaceae family). It is also confused with a number of synonyms: H. assurgens, H. deidescheimense, H. lineolatum, H. marylandicum, H. officinale, H. officinarum, H. pseudoperforatum, and H. vulgare [3] .
Traditional Uses
H. perforatum has a long history of use in traditional medicine for disease indications ranging from depression (treated with consumption of teas) to topical applications in the treatment of burns, wounds, and various inflammatory skin diseases. It was also used in ritual applications, to ward off evil spirits, and ensure a strong harvest. For topical applications, an oil macerate of H. perforatum is made by taking dried flowering aerial parts and steeping them in vegetable oil (most commonly olive oil) and left in a clear container outdoors for sun exposure over a period of 40 days [42] . The medicament is ready after this period and when it takes on the notable color of a deep red hue. This preparation of "Oleum hyperici" is topically applied in the treatment of burn wounds and chronic ulcers throughout the Balkans and Anatolia, as evidenced by recent ethnobotanical studies in this region [26•, 27, 28, 43-47] . It has also been used in traditional medicine for the topical treatment of sunburns, myalgia, bruises, and hemorrhoids, as an anti-septic in Turkey [48, 49] .
Chemistry and Pharmacology
H. perforatum is rich in proanthocyanidins (catechin, epicatechin, leucocyanidin), flavonoids (hyperoside, rutin, quercitrin, isoquercitrin, quercetin, and kaempferol), biflavonoids, tannins, phloroglucinol derivatives (hyperforin), phenolic acids, volatiles oil, sterols, naphthadianthrones (hypericin and pseudohypericin), vitamin C and A, and xanthones [50, 51] . The most notable bioactive compounds include hypericin, pseudohypericin, and hyperforin (Fig. 2c) . The anti-depressant activity of the herb is attributed to its hyperforin constant, which acts a reuptake inhibitor for neurotransmitters such as dopamine, norepinephrine, serotonin, and glutamate [52] .
Biological Activity: In Vitro and In Vivo Studies
A study on the anti-bacterial activity of H. perforatum extracts was found to differ substantially based on the extraction method used, with aqueous and organic extracts generally exhibiting more classic anti-bacterial activity in growth inhibition of pathogens, whereas the oleum hyperici formulation exhibited mild quorum quenching and anti-biofilm properties against Staphylococcus aureus [53••] . A study on the efficacy of oleum hyperici on palatal wound healing in rabbits found that the topical oil treatment showed no additional benefit to healing over that of the control (the olive oil base) [54] . On the other hand, a study evaluating the oral versus topical efficacy of oleum hyperici versus control (olive oil) in diabetic rats with dorsal surgical wounds determined that topical application of oleum hyperici yields a faster inflammatory response and healing than oral dosing of oleum hyperici or olive oil, or topical dosing of olive oil alone [55] . Notably, this is in line with traditional medicine practices, which entail topical applications of oleum hyperici to wounds.
Incorporation of oleum hyperici into a chitosan film-based wound dressing resulted in anti-microbial activity against Staphylococcus aureus and Escherichia coli in an in vitro model, whereas no cytotoxicity was observed in either the chitosan or H. perforatum oil-loaded chitosan films in a fibroblast (NIH3T3) cell viability assay [56•] . A number of other studies evaluating H. perforatum extracts have demonstrated anti-bacterial, anti-viral, anti-oxidant, anti-inflammatory, anticancer, and keratinocyte differentiation effects; a full review of these studies is provided by Wölfle et al. [57] Clinical Studies
Oleum hyperici was assessed for its potential efficacy in treating pressure sores (decubitus ulcer) in a case study with an 82-year-old man. The histopathological results showed progress in epithelialization and the ulcer wound area (cm) went from 4.55 × 6.57 to 1.39 × 2.73 following 32 days of twice-daily treatments, bringing his Braden score from 10 to 21 in that time period [58] . Examination of the immunomodulatory potential of St. John's Wort on the skin of human volunteers found that topical applications of ointment inhibited the allostimulatory capacity of epidermal cells and reduced their capacity to stimulate proliferation of allogeneic T cells in a mixed epidermal cell lymphocyte reaction following exposure to radiation, which may provide a rationale for the traditional treatment of inflammatory skin conditions with hypericum oil [59] . A study on a 70:30 mixture of H. perforatum and Calendula arvensis oil extract for a twice-daily topical application to surgical site wounds following cesarean section demonstrated significant improvement in tissue regeneration time in comparison to control (wheat germ oil) [60] .
Contraindications
The natural product hypericin can cause phototoxic skin reactions if ingested or exposed to the skin, resulting in the condition of hypericism, especially in fair-skinned individuals [61] . Furthermore, UV-activated hypericin exhi bits necrot ic and apoptotic effects on human keratinocytes and melanocytes [62] . Notably, chemical analysis of the traditional oleum hyperici formulation used throughout the Balkans as a topical therapy revealed the absence of hypericin in the resulting product; this aligned with ethnographic data suggesting frequent users of the oil did not exhibit symptoms of hypericism [53••] .
Conclusions
Patients seek natural, botanical alternatives for a number of reasons, including lower cost and greater ease of accessibility relative to prescription pharmaceuticals. Botanicals have played an important role in wound care strategies throughout the history of medicine and some of the most common species used historically continue to be used in traditional and complementary medical strategies across the globe. The aim of this review was to assess the current state of knowledge concerning the chemical makeup, pharmacological potential, and clinical outcomes of three botanicals with widespread use in wound care.
Pharmacological Activities of Botanicals for Wounds
For each botanical reviewed here, it was evident that their chemical complexity is also tied to a variety of pharmacological activities that may prove more effective in unison, rather than individually as single-compound drugs. Specifically, these shared common features in their anti-microbial, anti-inflammatory, anti-oxidant, and anti-edema activities. In some cases, they shared common chemical features in terms of flavonoid and triterpenoid content, but still remain chemically distinct in both the overall composition and relative levels of secondary metabolites in the medicinal plant tissues.
Future Study Design
Future studies on the wound healing potential of topical botanical formulations must incorporate careful consideration of the chemical makeup of the final therapeutic product as major differences in the chemical makeup can result in conflicting study results. Even when products are created following the same methodology, implementation of batch-to-batch standardization controls is critical to ensure that the same relative levels of major marker compounds are present to foster rigor and reproducibility in future studies. The composition and stability of pharmaceutical formulations derived from plants can vary greatly. For example, plants grown under different climatic and environmental factors are known exhibit variability in their chemical composition. Likewise, different means of extracting plant compounds (e.g., in aqueous versus organic solvents) also creates chemically distinct final products with differing pharmacological profiles and bioactivities. Storage parameters can also impact product quality and biological activity.
Regarding future clinical studies, in addition to the need for through consideration of characterization and batch-to-batch reproducibility of topical botanical therapeutics used in the clinic, properly designed randomized controlled trials are suggested. Trials should follow CONSORT statement guidelines and include randomization, blinded outcome assessment, appropriate sample size, baseline comparability of groups, and clear inclusion and exclusion criteria.
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